We evaluated the effects of high-dose major components in oral disinfectants on oral cells from the standpoints of the cell cycle and apoptosis. We examined the viability and cell cycle of human gingival fibroblasts (HGFs) treated with the components of dental disinfectants, benzethonium chloride (BEC), benzalkonium chloride (BAC), and povidone iodine (PVD-I) using a cell counting kit and flow cytometry. The IC50 inhibitory concentration value in HGF cultures at 24 hours was 1.3×10 -2 mM BEC, 6.0×10 -3 mM BAC, and 2.6×10 -1 mM PVD-I. In the cell cycle analysis, propidium iodide-stained HGFs were arrested in G0/G1 of the cell cycle by all three disinfectants, and in the apoptosis assay, annexin V-FITC/PI-stained HGFs that became apoptotic at 5.0×10 -2 and 1.0×10 -1 mM BEC and 5.0×10 -2 and 1.0×10 -1 mM BAC, but not in PVD-I at concentrations as high as 5.0×10 -1 mM. Our findings describe the effects of high-dose oral disinfectants, rather than clinical concentrations. Nevertheless, appreciating the effects of high-dose disinfectants absorbed into the human body is important, where they may accumulate in specific tissues and cells.
INTRODUCTION
Many different oral disinfectants have been used to treat teeth and soft tissues in the dental clinic [1] [2] [3] [4] [5] [6] [7] . Oral disinfectants consist of a solution with a mix of components. Povidone iodine, domiphen bromide, benzethonium chloride, benzalkonium chloride, fradiomycin sulfate, and sodium azulene sulfonate have been widely used as the major components in oral disinfectants. Among these, benzethonium chloride and benzalkonium chloride are cationic surfactants of quaternary ammonium salts with broad-spectrum antimicrobial activity that may indicate disinfection through the induction of reactive oxygen species (ROS) [8] [9] [10] . Povidone iodine consists of elementary iodine bound to the carrier polyvinyl-pyrrolidone and may induce non specific oxidizing effects on the SH -, OH -, and NHgroups of amino acids and the double bonds of unsaturated fatty acids [11] [12] [13] . The oxidative stress has been implicated in cancer, diabetes mellitus, atherosclerosis, neurological degeneration, and aging [14] [15] [16] . At the cellular level, ROS can produce apoptosis, cell cycle arrest, reduced proliferation, and modulation of differentiation [17] [18] [19] .
These components of oral disinfectants affect the oral mucosa directly with a short exposure; however, some of the components accumulate in periodontal pockets and under the oral mucosa or are concentrated in oral cells [20] [21] . Therefore, this study investigated the cell cycle and apoptosis of gingival fibroblasts exposed to high-dose oral disinfectants. The cell toxicity was assessed at 5 minutes to determine the direct effect on oral cells and at 24 hours to assess the cell cycle and subchronic effect on oral cells. We believe that the effects of oral disinfectants depend on the concentration absorbed into human body, which accumulates in specific tissues and cells. Therefore, this study examined the effects of high doses of oral disinfectants.
MATERIALS AND METHODS

Chemicals
Benzalkonium chloride (10% solution) (BAC; Ono Pharmaceutical Co., Ltd, Osaka, Japan; Lot no. 610EA), benzethonium chloride (purity >95%) (BEC; Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan; Lot no. FGN01) and povidone iodine solution (PVD-I; Meiji Seika, Tokyo, Japan; Lot no. ADL5908) which contains 100 mg of povidone iodine in 1 mL of the solution, with a content of 10% available iodine, were diluted to the appropriate final concentrations in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Daiichi Pure Chemicals, Tokyo, Japan) immediately prior to use. The medium also contained 100 U/mL penicillin and 100 µg/mL streptomycin (Sigma-Aldrich). Trypsin, ethylenediamine tetraacetic acid (EDTA), and phosphate-buffered saline (PBS) were obtained from Sigma-Aldrich.
Cells and cell culture
After obtaining informed consent from patients in accordance with the Institutional Committee regulations of Hiroshima University, we obtained a fragment of gingiva attached to a tooth from which human gingival fibroblast (HGF) cells were cultured in vitro. We cut the tissue into pieces measuring 1-2 mm 3 , washed the pieces twice with PBS supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin, and cultured the cells under 5% carbon dioxide (CO2). When cell outgrowth was observed from the cultured pieces of gingival tissue, we replaced the medium with DMEM culture medium containing 20% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in a humidified atmosphere and allowed the cells to grow to confluence. To detach confluent cells from the culture dishes, cell monolayers were gently treated with 0.25% trypsin and 0.02% EDTA, and the cells were recultured in fresh dishes with DMEM culture medium containing 10% FBS until new confluent cell monolayers were obtained. Cells were routinely used between passages 6 and 8 for the experiments.
Growth assay
To determine the 50% inhibitory concentration (IC50) for each disinfectant (BEC, BAC, PVD-I), we used the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). HGFs were seeded at 1.0×10 4 cells/well in 100 µL of DMEM in 96-well microplates and incubated overnight at 37°C in a humidified atmosphere with 5% CO2. Stock solutions of each disinfectant were serially diluted in DMEM culture medium, and equal aliquots were added to individual wells so that the final concentrations were 10 -1 , 10 -2 , 10 -3 , 10 -4 , 10 -5 , and 10 -6 mM for BAC and BEC and 1.0, 10 -1 , 10 -2 , 10 -3 , 10 -4 and 10 -5 mM (available iodine) for PVD-I. After the cultures were incubated for 5 min or 24 h, we exchanged fresh DMEM gently and 10 µL of Cell Counting Kit-8 solution was added to each well, and the plates were incubated for 2 h at 37°C. We measured the absorbance at 450 nm using an immunoreader (Microplate Reader 550; Bio-Rad, Tokyo, Japan) and calculated the number of cells from the absorbance relative to a standard curve. The IC50 concentration of each reagent was determined by the intersection of the plotted line.
Cell cycle analysis
We plated 5×10 5 HGF cells in 60-mm culture dishes. To synchronize the cells in the G0/G1 phase, we used the method of serum deprivation 22) by incubating HGFs in DMEM with only 0.5% FBS for 48 h. To induce the cells to re-enter the cell cycle, we incubated the HGFs for an additional 24 h in fresh DMEM culture medium containing 10% FBS and the IC50 (BEC 1.3×10 -2 mM, BAC 6.0×10 -3 mM, PVD-I 2.6×10 -1 mM) of the three disinfectants that were used for the cell growth assay described above. Both the floating and attached cells were collected using trypsin-EDTA, resuspended in DMEM without FBS, washed with PBS, and fixed in a solution of 70% ice-cold ethanol at -20ºC overnight. Fixed cells were centrifuged at 1200×g and washed with twice with PBS. We determined the DNA content in a solution containing 2.0 mg/mL ribonuclease (RNase A; Qiagen, Tokyo, Japan; Lot no. 11878890) at 37ºC for 30 minutes. The cells were stained with propidium iodide (PI; Sigma-Aldrich, Tokyo, Japan; Lot no. 1214028) for 10 min in the dark, and the PI-elicited fluorescence of individual cells was measured using flow cytometry (FACSCalibur, Becton Dickinson, Tokyo, Japan) with laser excitation at 488 nm and emissions > 590 nm collected in a linear/log-scale fashion. We analyzed a total of 1×10 4 cells for each sample and determined the percentages of cells in the G0/G1, S, and G2/M phases of the cell cycle using standard ModiFit and Cell Quest software (Becton Dickinson). The cellular DNA content was determined by flow cytometry, as described previously 23) .
Annexin V-FITC/PI assay
To identify apoptotic cells, we stained the cells with PI and fluorescein isothiocyanate (FITC)-conjugated annexin V using the Annexin V-FITC Apoptosis Detection Kit I (Becton Dickinson). Annexin V indicates early apoptotic cells based on externalized phosphatidylserine. PI detects cells that have lost plasma membrane integrity (i.e., necrotic or late apoptotic cells). Following incubation of the cells in different concentrations (1.0×10 -2 mM, 5.0×10 -2 mM, 1.0×10 -1 mM for BEC and BAC; 5.0×10 -2 mM, 1.0×10 -1 mM, 5.0×10 -1 mM for PVD-I) of each disinfectant, HGFs were harvested using trypsin-EDTA, washed with DMEM, resuspended in 100 μL of binding buffer supplemented with 5 μL of annexin V-FITC and 5 μL of PI solution, and treated in the dark for 15 min at room temperature. After the addition of 450 μL of binding buffer, the stained cells were kept on ice and subjected to fluorescence-activated cell sorter analysis (FACS) using a FACSCalibur flow cytometer. We collected the FITC fluorescence between 515 and 545 nm and the PI fluorescence between 564 and 606 nm.
Hematoxylin-eosin (HE) staining assay
We evaluated the effects of BEC, BAC, and PVD-I on HGF cell morphology using hematoxylin-eosin (HE) staining. HGF cells were seeded at 5.0×10 4 cells/well in 500 µL of DMEM in four-well chamber slides (Nunc, Rochester, NY, USA) and incubated overnight at 37°C in a humidified atmosphere of 5% CO2. To determine morphological changes, the same disinfectant concentrations that were used in the annexin V-FITC/ PI assay were incubated with the cells for 24 h at 37°C in a humidified atmosphere of 5% CO2. After the cells were gently washed twice with PBS, the slides were immersed in 4% paraformaldehyde, stained with HE, visualised by light microscopy, and photographed using a 300× objective lens. 
APOPercentage apoptosis assay
We evaluated the effects of BEC, BAC, and PVD-I on HGF cell apoptosis using the APOPercentage apoptosis assay kit (Biocolor Ltd., Newtonabbey, Northern Ireland) according to the manufacturer's instructions. HGFs at 5.0×10 4 cells/well were seeded into four-well chamber slides in 500 µL of DMEM and incubated overnight at 37°C in a humidified atmosphere with 5% CO2. We added the same disinfectant concentrations used in the annexin V-FITC/PI assay to HGF cultures and incubated the cells for 24 h at 37°C in a humidified atmosphere of 5% CO2. The cells were gently washed with PBS, placed in 500 µL of DMEM containing the apoptosis assay dye, and further incubated for 30 min at 37°C. The stained cells were washed gently twice with 100 µL of PBS to remove free dye, visualized under the light microscope, and photographed using a 300× objective lens.
Data analysis
Quantitative data are expressed as the mean ± standard error (SE) of at least three independent experiments and were assessed using one-way ANOVA and compared by Fisher's multiple comparison test. p < 0.01 was considered significant.
RESULTS
Growth assay
We expressed the percent cell proliferation as the number of cells proliferating in the presence of a given disinfectant concentration divided by the number of cells proliferating in the absence of disinfectant. The disinfectant concentrations that resulted in 50% lethality (IC50s) of HGFs were 1.3×10 -2 mM for BEC, 6.0×10 -3 mM for BAC, and 2.6×10 -1 mM for PVD-I at 24 hours (Fig. 1B) . To validate our longer time point data (24 hours), we also designed a shorter time period (5 minutes) to reflect the time in which these disinfectants would be in contact with the mouth in humans. As shown in Figure 1A , exposure for 5 minutes reflected the cytotoxicity at higher concentration than at 24 hours, and we found that PVD-I had a lesser cytotoxic effect than BEC and BAC, consistent with our longer time results.
Cell cycle analysis
Serum-deprived cells were arrested in G0/G1 phase ( Fig.  2 ; control 0 h). When these cells were returned to culture medium containing 10% FBS, cell proliferation was stimulated after 24 h and the number of cells in S and G2/M phases increased and the number in G0/G1 phase decreased, compared with control 0 h ( Fig. 2 ; control 24 h). The cells exposed to the disinfectants caused a large percentage of cells to remain in G0/G1 phase, with a small percentage in S and G2/M phases compared with control 24 h results (p < 0.01; Fig. 2 ; PVD-I, BEC, BAC). Figure 3 shows the distribution of cell populations after 24 h of treatment with each of the three disinfectants. A dot-plot of annexin V-FITC vs. PI showed four separate clusters: viable cells (lower left quadrant), early apoptotic cells (lower right quadrant), necrotic or late apoptotic cells (phase consecutive to apoptosis in vitro; upper right quadrant), and necrotic cells (upper left quadrant). Statistics indicated significant differences in the induction of apoptosis for BEC and BAC (5.0×10 -2 mM, and 1.0×10 -1 mM) relative to the control (p < 0.01). PVD-I did not produce apoptosis, even at 5.0×10 -1 mM (Fig. 4) . Figure 5 shows the morphological changes in HGFs caused by the three disinfectants determined using HE staining. BEC and BAC elicited the greatest morphological changes. Whereas control cells cultured in the absence of disinfectant were typically spindle shaped with round nuclei, cells cultured in BEC and BAC at 5.0×10 -2 mM, and 1.0×10 -1 mM showed membrane fragmentation and nuclear condensation, with some nuclei disappearing completely in BAC. The cells treated with 1.0×10 -1 mM and 5.0×10 -1 mM PVD-I appeared swollen; however, they did not show membrane fragmentation or nuclear condensation ( Fig. 5 ). 
Annexin V-FITC/PI assay
Hematoxylin-eosin (HE) staining assay
APOPercentage apoptosis assay
The apoptosis produced in HGF cells by exposure to the three disinfectants was investigated using the APOPercentage assay based on the cellular entry and entrapment of a diagnostic dye as an indication of apoptosis. The APOPercentage dye allows the measurement of the expression of phosphatidylserine on the outside surface of the cell membrane and is therefore similar to traditional annexin V-labeling. The transfer of phosphatidylserine to the outside surface of the cell membrane allows for the unidirectional transport of the APOPercentage dye into the cells, where it is retained only by apoptotic cells. HGFs treated with BEC and BAC at 5.0×10 -2 mM, and 1.0×10 -1 mM exhibited purple-red staining, but cells treated with PVD-I showed little or no staining, indicating no apoptosis (Fig. 6 ). These results are consistent with those of the annexin V-FITC/PI assay.
DISCUSSION
Many oral disinfectants are used in dental clinics and povidone iodine (PVD-I), benzethonium chloride (BEC), and benzalkonium chloride (BAC) are commonly the major components of oral disinfectants [1] [2] [3] [4] [5] [6] [7] . PVD-I is a major component of Isodine ® gargle, which contains 7% PVD-I as an active ingredient and other additives, such as ethanol, menthol, methyl salicylate, glycerin, sodium saccharin, disodium phosphate, citric acid, eucalyptus oil, and thymol. The concentration of Isodine ® gargle used as a mouth rinse clinically is 0.23-0.47% (i.e., it is diluted 15~30 times) and contains 9.1×10 -1 -1.9 mM available iodine. BEC is a major component in the oral disinfect Neostelin Green ® , which contains 0.2% BEC as the active ingredient and other additives, such as polysorbate 80, ethanol, mint oil, spearmint oil, sodium saccharin, thymol, sodium copper chlorophyllin, food blue No. 1, and food yellow No. 4 (tartrazine). The concentration used clinically is 0.004% (8.9×10 -2 mM) as mouthwash and 0.01-0.02% (2.2×10 -1 -4.5×10 -1 mM) for infection control after tooth extraction. BAC is used at concentrations of 0.005-0.01% (1.4×10 -1 -2.8×10 -1 mM) as an oral disinfectant mouthwash. The oral disinfectant OSVAN ® S contains 10% BAC as the active ingredient.
The minimum effective clinical concentration in the oral mucosa is 0.01-0.025% (2.8×10 -1 -7.1×10 -1 mM).
Oral disinfectants are generally administered directly to the periodontium and oral mucosa from which they can enter the bloodstream and circulate body 20,21) through the Some of the components accumulate in periodontal pockets and under the oral mucosa or are concentrated in oral cells, such as gingival fibroblasts.
BAC induces cell growth arrest and death at concentrations as low as 1×10 -2 % (2.8×10 -1 mM) 24) . The exposure of cells to 3×10 -4 -3×10 -3 % (6.7×10 -3 -6.7×10 -2 mM) BEC results in the inhibition of cellular DNA, RNA, and protein synthesis 3) . In addition, BAC and BEC may induce ROS in aquatic organisms 11, 12) . Some adverse effects have been reported for PVD-I, including tissue damage, convulsions with central nervous system involvement, irritative contact dermatitis, and acute allergic reactions [25] [26] [27] . The effects of PVD-I are generally thought to be caused by the nonspecific oxidizing effects of released free iodine 13, 14) . Oxidative stress can lead to apoptosis, cell cycle arrest, reduced cell proliferation, and altered cell differentiation [19] [20] [21] .
We found that the IC50 of PVD-I for human gingival fibroblasts cells was 2.6×10 -1 mM, while those for BEC and BAC were 1.3×10 -2 mM and 6.0×10 -3 mM, respectively (Fig. 1 ). BEC and BAC exhibited similar cell growth repression concentrations that were much lower than those of PVD-I at both shorter and longer time points (Fig. 1A, 1B) .
The cell cycle analysis suggests that all three disinfectants (BEC, BAC, PVD-I) induced a significant accumulation of cells in the G0/G1 phase of the cell cycle at their IC50 concentrations (Fig. 2 ). This implies that the growth inhibitory effect of the disinfectants resulted from the arrest of DNA replication in the cell cycle. Such growth inhibition of cells can induce cell death [28] [29] that occurs via reproductive necrosis and/or programmed apoptosis 30) .
Apoptosis is a physiological process involved in cell deletion during organogenesis and in the control of cell proliferation and differentiation in adult tissues 31) . The deregulation of apoptosis is implicated in a variety of diseases. Excessive apoptosis is related to sepsis, ischemic heart disease, stroke, and neurodegenerative diseases, and functional deficiencies in the activation of apoptosis may facilitate the development of certain cancers and autoimmune diseases 32) . During the early stages of apoptosis, a loss of phospholipid asymmetry occurs that results in the translocation of negatively charged phosphatidylserine (PS) from the inner to the outer leaflet of the cell membrane 33) . We used the annexin V-FITC/PI assay to examine cell death caused by BEC and BAC at close to their IC50 concentrations (1.0×10 -2 , 5.0×10 -2 , and 1.0×10 -1 mM) and by PVD-I at 5.0×10 -2 1.0×10 -1 , and 5.0×10 -1 mM. The apoptotic signals in , dicative of cell death were induced by BEC at 5.0×10 -2 and 1.0×10 -1 mM and by BAC at 5.0×10 -2 and 1.0×10 -1 mM in a dose-dependent manner, while PVD-I did not induce apoptosis (Fig. 3, 4) .
Other studies have reported that BEC induced apoptosis at 2.0×10 -2 mM for rat thymocytes 8) and BAC induced apoptosis at 1.4×10 -1 mM for conjunctival cells, while PVD-I did not induce apoptosis 34, 35) . These results are similar to our experimental data on HGFs.
For corroboration of the annexin V-FITC/PI assay results, we also examined the morphological changes in HGFs induced by the three disinfectants using the HE assay ( Fig. 5) , as well as the effects of the disinfectants using the APOPercentage assay (Fig. 6 ). The morphological changes in cells associated with necrosis are swelling, membrane rupture, and lysis of organized structures. By contrast, during the process of apoptosis, condensation and fragmentation of the cytoplasm and nucleus occur in the target cells while the normal organelle structure is maintained. HGF cells treated with BEC (5.0×10 -2 and 1.0×10 -1 mM) and BAC (5.0×10 -2 and 1.0×10 -1 mM) exhibited membrane disintegration. In contrast, HGF cells treated with PVD-I (1.0×10 -1 and 5.0×10 -1 mM) exhibited membrane swelling and blurring (Fig. 5 ). The APOPercentage assay indicated apoptotic dye in HGF cells treated with BEC (5.0×10 -2 and 1.0×10 -1 mM) and BAC (5.0×10 -2 and 1.0×10 -1 mM), but not in those treated with PVD-I (Fig. 6 ). These results are consistent with those of the annexin V-FITC/PI assay. PVD-I did not induce apoptosis in HGFs, even at much higher concentrations than those of BEC or BAC that induced apoptosis.
It is essential to determine whether cell death is apoptotic or necrotic because the biological relevance of the two processes differs. Tissues more likely adapt when a oral disinfectant induces apoptosis because little or no inflammation occurs. If the oral disinfectant induces mainly necrosis, the subsequent inflammatory process can result in severe tissue reactions 36) . In this study, our findings about the cell cycle and apoptosis are for the effects of high-dose oral disinfectants, rather than clinical concentrations. Nevertheless, understanding the effects of high-dose disinfectants absorbed into the human body is important, as they can accumulate into specific tissues and cells.
We showed that differentiating necrosis and apoptosis contributes important information, allowing more accurate in vitro assessment regarding the toxic potential of oral disinfectants, since apoptosis and necrosis have significantly different sequelae in vivo. In our study, we used primary human oral cell lines derived from potential target tissues to determine the cytotoxicity of oral disinfectants. Primary cell culture systems still differ from the usage conditions. Therefore, only limited conclusions about the possible toxicity of oral disinfectants in vivo should be drawn. Further in vitro and in vivo studies are required to clarify the mechanisms leading to apoptosis and necrosis and to determine the clinical relevance of our findings.
CONCLUSIONS
BEC and BAC repressed cell growth at similar concentrations that were much lower than those of PVD-I. All three oral disinfectants consistently induced the arrest of the HGF cell cycle at G0/G1. PVD-I did not induce apoptosis in HGFs, even at much higher concentrations than those of BEC or BAC that induced apoptosis.
